Introduction
Leukemia is the most common malignant neoplasm in childhood, comprising about one-third of cancers in children under 14 years of age 1 . The most common subtype (approximately 80%) is acute lymphoblastic leukemia (ALL) 2 . Studies in North America 3 , Asia 4 , and Europe 5 indicate stability in the overall incidence of malignant neoplasms in children, but an upward trend for leukemia. Subtype analysis of leukemias shows that the increase in these rates is due mainly to the increase in ALL. In Brazil, the leukemia incidence rates (41 and 36 per 1 million, respectively, for boys and girls) show a similar phenomenon 6 . Data from the Population Cancer Registry for the city of São Paulo, which has the longest historical series of cancer incidence in Brazil, show an increase in the incidence of lymphoid leukemias in children from 1969 to 2003 7 .
Although part of this increase may be due to improvement in recording leukemia diagnosis, this does not entirely explain the increasing incidence of ALL. One hypothesis is that the trend results from factors related to modern lifestyle 7 , including intensive use of electricity.
Epidemiological studies on acute childhood leukemia have examined numerous possible risk factors with the aim of determining the disease etiology. A recent review 8 only identified ionizing radiation as a risk factor for ALL, while other potential factors showed conflicting results.
In 1979, Wertheimer & Leeper 9 found a positive association between exposure to low frequency magnetic fields and leukemia and brain cancer in children younger than 19 years. Since then, the scientific literature has expanded on the possible health-related effects of exposure to magnetic fields. In addition to brain tumors and leukemia in children, the research has explored the association between exposure to low frequency magnetic fields and birth defects 10 and different types of cancer, like breast cancer in men 11 , breast cancer in women 12 , lung cancer 13 , testis 11 , and prostate 14 , lymphomas, multiple myeloma, and melanoma 15 . Much of the research in the last 20 years on magnetic fields and their effect on cancer has focused on childhood leukemia. In addition to dozens of case-control studies, there was one cohort study in Finland 16 , two case-control studies nested in cohorts 17, 18 , and two meta-analyses 19, 20 .
Based on these studies and particularly on the results of meta-analyses, the International Agency for Research on Cancer (IARC) 21 classified low frequency magnetic fields as class 2B, possibly carcinogenic to humans.
Low frequency magnetic fields (fields generated by 50Hz or 60Hz electric power generation, transmission, and distribution lines) display long waves, approximately 3,500km 22 . These fields cross the human body without directly depositing any energy. In the environment, nonionizing radiation generated by 50Hz or 60Hz magnetic fields displays values of 0.01 to 0.2µT (microteslas, the measurement of intensity of magnetic fields, or density of the magnetic flows), but exposures greater than 0.3µT can occur in industrial settings 21 .
The main problem with case-control studies in this area of research is the evaluation and quantification of exposure to low frequency magnetic fields. The difficulty in obtaining precise data, adequately expressing the exposure to given individuals, derives from the retrospective nature of case-control studies, in addition to the complexity of characterizing sources of exposure and estimating the total effect from diverse sources 21 .
The methodology applied to the investigation of exposure to magnetic fields relates to the original proposal by Wertheimer & Leeper 9 , using the so-called "wire code" classification. The authors' point of departure was the configuration of electric power transmission lines, considering some aspects: (a) probable load in the transmission lines; (b) thickness of the wires; (c) location of the transformers; and (d) proximity of the homes to the power lines. Homes were classified as either HCC (high current configuration) or LCC (low current configuration).
Others researchers subsequently introduced some refinements in the wire code system. Thus, Barnes et al. 23 reclassified the categories as: underground (UG), very low current configuration (VLCC), ordinary low current configuration (OLCC), ordinary high current configuration (OHCC), and very high current configuration (VHCC); and Kaune & Savitz 24 as: low (LCC), medium (MCC), and high current configuration (HCC).
Savitz et al. 25 quantified the magnetic fields using measurements from a dosimeter in the households' different rooms. Coleman et al. 26 evaluated exposure to magnetic fields considering the distance to the homes and type and voltage of transmission systems to estimate the magnetic field. Feychting & Ahlbom 17 based their estimates on the distance between residences and power transmission equipment, and defined individuals living close to transmission towers as the population at risk.
Such studies have generally evaluated the risk of exposure to magnetic fields for leukemias as a whole. Few studies have specifically investigated ALL 25, 27, 28, 29, 30 . Only two of these studies showed statistically significant associations with ALL 27, 30 . The others did not find statistically significant associations with either leukemias as a whole or ALL as a subgroup 25, 28, 29 .
The aim of this article was to review the results of case-control studies that evaluated the possible association between exposure to nonionizing radiation generated by low frequency magnetic fields and incidence of ALL, the most common subtype of leukemia in children and the main subtype responsible for the increase in overall leukemia incidence in children in different regions of the world.
Methods
We tracked studies on the subject in three da The main inclusion criterion was case-control studies on exposure to low frequency magnetic fields. We chose to analyze studies with the same design (case-control) as a way of reducing the heterogeneity between studies, and because case-control was the main methodological approach used to assess the effect of exposure to non-ionizing radiation from low frequency magnetic fields on incidence of ALL. As additional criteria, our review only included articles published in Spanish, English, or Portuguese; with a specific analysis of cases diagnosed with ALL or that included at least 50% of cases of ALL among all the leukemias in the series; and with cases and controls younger than 15 years.
In the MEDLINE database, the descriptor "electromagnetic fields" produced a list of 11,062 articles, reduced to 507 when the term "leukemia" was included. Addition of the term "power lines" narrowed the search to 60 articles. We chose to conduct a new search using the term "epidemiologic" rather than "power lines", and obtained a list with 92 articles. Thus, the two searches totaled 152 articles, of which nine were found on both lists. Therefore, from this database, a total of 143 articles were selected for review.
In the LILACS database, the descriptor "electromagnetic fields" produced a list of 80 articles. Addition of the term "leukemia" narrowed the list to three articles. No further key words were used in this situation. The three articles referred to the same study, with an ecological design. The same criteria as in the LILACS database were applied to the SciELO base, resulting in six articles.
The articles' abstracts were analyzed to verify whether they met the inclusion criteria. When the abstract failed to provide sufficient information to decide on its inclusion in the review, the article's full text was reviewed. Of the 152 articles indexed in the three databases, only ten were selected for the present review, all from MEDLINE and published in English. The others failed to meet the predetermined inclusion criteria (Table 1) .
Results
The selected articles included research conducted in countries of North America, Asia, and Europe from 1960 to 2004. The number of controls selected for each case varied from one to five. Table 2 summarizes the descriptive data from the ten selected studies. Four studies analyzed cancers in general, but with specific evaluations of exposure to low frequency magnetic fields and ALL. Four others included all types of leukemia and evaluated ALL separately. Only two exclusively analyzed ALL. The number of cases of ALL analyzed in the studies varied from 22 to 1,331.
Age of the case was adopted as the criterion for matching controls in all ten studies. In addition, nine studies matched controls in relation to cases by gender 17, 18, 25, 27, 28, 29, 30, 31, 32 , five by region of birth 18, 25, 28, 30, 31 , and three by race 31, 32, 33 , while only one considered the power line rightof-way in which the case resided 17 and another considered socioeconomic status 32 .
Cases were selected from regional cancer registries 17, 18, 25, 28 , cancer research groups 27, 30, 31, 33 , or referral hospitals for cancer diagnosis and treatment 28, 32 . Population-based controls were selected by random telephone dialing 25, 27, 31, 32 , local residential registries 28, 30 , or cohorts 17, 18 . Hospital-based controls were only used by Feizi & Arabi 32 . The study from the United Kingdom (UKCCSI) 29 selected cases and controls from the databases of the Family Health Service Authority and Health Board.
The selected studies used different approaches to evaluate exposure to low frequency magnetic fields. All the studies used two or more procedures to evaluate exposure (Table 3) . Five studies adopted the wire code categorization, seven used dosimeter measurements of magnetic fields, four calculated estimates of magnetic fields, and six used distances from power lines. All ten studies adopted various adaptations of each method to evaluate exposure to magnetic fields, as described below.
Wire Code System Table 4 shows the four studies 25, 27, 28, 33 that adopted the wire code classification based on calculation of odds ratios (OR). Another study 31 evaluated exposure to magnetic fields based on the wire code classification, but in an unusual way in comparison to the other studies. Kleinerman et al. 31 distributed individuals according to wire code categories and strata of distances from homes to power lines. They found that 43.1% of subjects lived more than 40 meters from UG + VLCC lines, followed by OLCC lines (25.4%) (data not shown in Table 4 ).
Different classifications from the wire code system were adopted, and some used more than one classification. Three studies 25, 27, 28 used the categories proposed by Wertheimer & Leeper 34 in their study on cancer in adults, three others 27,31,33 adopted the category proposed by Barnes et al. 23 , and three studies 27, 28, 33 used the category proposed by Kaune & Savitz 24 . Table 1 Articles selected in the fi rst phase of the database search.
Literature databases and study characteristics n
MEDLINE 143
Articles selected 10
Articles not selected 133
Other epidemiological designs (not case-control) and reviews 92
Literature review 38
Methodological discussion 22
Commentary by editors or authors 21
Meta-analysis 5
Experimental 6 Articles with sample populations older than 15 years 13
Other neoplasms 13
Other languages 11
High frequency magnetic fi elds 4
LILACS 3
Articles selected 0
Articles not selected 3
Other epidemiological designs (not case-control) and reviews 3 Ecological 3
SciELO 6
Articles not selected 6
Other epidemiological designs (not case-control) and reviews 5
Methodological discussion 2
Experimental 2
Case study 1
Articles with sample populations older than 15 years 1
Total 152
Important risks, although not statistically significant, were observed by Savitz et al. 27 and McBride et al. 28 . Protective associations were found by Linet et al. 33 and Green et al. 27 . The studies that used the Wertheimer & Leeper classification 34 did not find statistically significant associations 25, 27, 28 , but two showed a risk for leukemia 25, 28 . Both the studies 27, 33 that used the classification by Barnes et al. 23 and those 27, 28, 33 that used the classification proposed by Kaune & Savitz 24 found non statistically significant risk (Table 4) . Table 5 shows the results of studies that used dosimeter measurements to assess indoor residential exposure to magnetic fields.
Dosimeter measurement of magnetic fields
Green et al. 27 and Kabuto et al. 30 found large, statistically significant associations with levels of exposure to magnetic fields greater than 0.15µT and 0.4µT, respectively. The other studies also identified excess (but not statistically significant) risk 17, 27, 28, 33 .
Linet et al. 33 conducted 24-hour measurements next to the child's bed and 30-second measurements in the different rooms and in the bedroom where the mother had slept during pregnancy. In each home, they calculated a summary of the levels of magnetic fields, based on the mean weights of the measurements in the rooms. The attributed weights were derived from the individual exposure and the estimated time spent by the child in each room, according to age. Tynes & Haldorsen 18 conducted 24-hour measurements in the homes of children living close to 300kV lines. Green et al. 27 took spot measurements in various places indoors and outdoors. McBride et al. 28 assessed exposure to magnetic fields by individualized measurements, with the dosimeter placed next to the child for 48 hours, and for 24 hours in the bedroom where the child Table 3 Procedures used to evaluate exposure to low frequency magnetic fi elds in the selected articles. 25 and Tynes & Haldorsen 18 adopted a different approach from that used by the other studies shown in Table 5 . Savitz et al. 25 measured the magnetic fields in different rooms in the homes of cases and controls on various days, at three distinct periods in the child's life: at birth, at the time of diagnosis, and two years after diagnosis. For each moment, the homes were classified according to electric power consumption (low versus high). They noted that children with ALL living in homes with low consumption ## Result for all leukemias. Table 5 Leukemia risk and exposure to low frequency magnetic fi elds, evaluated by dosimeter.
Reference
Magnetic fi eld measurements (µT) 18 verified the time during which the child had been exposed to high-level 24-hour magnetic fields. Children with leukemia living up to 50 meters from the power line had been exposed to levels ranging from 0.4µT to 1.6µT for 75% of the 24 hours, while those living more than 150 meters from the power lines were exposed to levels less than 0.1µT for 83% of the time. 18 , all the other studies analyzed ALL separately. Table 6 shows the studies that evaluated exposure to magnetic fields by estimation. Statistically significant risk associations were found by Feyching & Ahlbom 17 and Feizi & Arabi 32 . Non-significant protective associations were found by Tynes & Haldorsen 18 and the UKCCSI 29 .
With the exception of Feychting & Ahlbom 17 and Tynes & Haldorsen

Estimated exposure to magnetic fields
Feychting & Ahlbom 17 estimated indoor exposure to magnetic fields produced by power lines in relation to all leukemias. Given the availability of year-round, 24-hour data on power line configurations and operations, it was possible to calculate the history of exposure to magnetic fields at the time of diagnosis using annual averages. The estimated measurements were validated using comparisons with spot measurements, in order to evaluate the precision of the estimates for magnetic fields.
The UKCCSI 29 applied a questionnaire on the power line configurations near residences that could generate magnetic fields greater than 0.1µT. These data were collected for 11kV and 400kV lines (overhead and underground) located at a maximum of 400 meters from the home.
Tynes & Haldorsen 18 calculated the history of exposure to non-ionizing radiation from low frequency magnetic fields based on the mean and maximum values in amperes for each year in which the individual lived near the line. Calculation of magnetic fields was validated by comparison of the values thus obtained with dosimeter measurements, using Pearson's coefficient (0.98) and Spearman's coefficient (0.86), leading the authors to conclude that estimation of magnetic fields was a good predictor of exposure. The authors calculated the risk measurement for all leukemias.
Feizi & Arabi 32 calculated exposure to nonionizing radiation from low frequency magnetic fields based on the power lines' distance and configurations, done by an academic specialist working in a double-blind system, for all types of leukemia. Table 7 shows the studies 17,18,30,32 on exposure to low frequency magnetic fields, considering the distance between homes and power lines. The studies calculated odds ratios and respective 95% confidence intervals, and comparison of the strata closest to the power lines with the reference strata showed a statistically significant risk association in three studies 17, 30, 32 .
Distance from power lines
The UKCCSI 29 and Kleinerman et al. 31 adopted a different statistical analysis from that of the other studies shown in Table 7 .
The UKCCSI 29 calculated the mean distance between homes and power lines with different voltages (11-400kV). Next, the authors calculated the odds ratio for each line voltage. Distances from the power lines were calculated by the regional electric utility companies based on data provided by parents on a household history questionnaire. In cases of acute lymphoblastic leukemia, the authors found a mean distance of 95 meters from the 66kV power lines. Kleinerman et al. 31 and Kabuto et al. 30 were the only authors that analyzed acute lymphoblastic leukemia separately, while the other authors analyzed leukemias as a whole.
Discussion
Epidemiological studies on the effect of exposure to non-ionizing radiation from low frequency magnetic fields on childhood leukemia are difficult to design, conduct, and interpret. The main difficulty is measurement of exposure to low frequency magnetic fields, since many sources generate such fields, with variations in distance and time. In addition, since the disease is rare, epidemiological studies are generally designed with a retrospective approach, and thus exposure is measured far from the actual time in which the potentially harmful exposure occurred.
In relation to evaluation of exposure using the wire code system, although the studies refer to use of the categories proposed by Wertheimer & Leeper 9 , Barners et al. 23 , or Kaune & Savitz 24 , in fact, given local electric system's characteristics, the authors introduced adaptations to classify households in strata with distinct exposure levels. Table 6 Leukemia risk and exposure to low frequency magnetic fi elds, evaluated by estimation.
Reference
Estimated magnetic fi elds (µT) Table 7 Leukemia risk and exposure to low frequency magnetic fi elds, evaluated according to distance between homes and power lines. Following the development of various instruments to measure magnetic fields, the studies began to include dosimetry, considering different exposure levels and measurement times. The exposure levels assumed by the different studies as risky for leukemia in children ranged widely, from 0.03µT to 4µT.
The studies adopted different measurement times in the child's bedroom: 24 hours 18,28,33 , 48 hours 28 , or weekly 30 ; short measurement times 17, 25, 27, 33 in all the rooms in the home; short measurement times outdoors 27, 33 ; and individual measurements 28 . Four studies used the mean measurement 17, 27, 28, 30 . However, other procedures were also used. Savitz et al. 25 divided the sample into two groups, based on electric power consumption, and then assigned the values obtained during the measurements. Linet et al. 33 assigned specific weights to the measurements in the household's rooms and in the child's bedroom, estimated by the child's age and the time spent in each room per day.
To estimate the magnetic field, Feychting & Ahlbom 17 used data on distance between voltage towers and homes of cases and controls, height and distance between towers, distance and order of phases, and the power line load. The UK study 29 used data on distance between power lines and homes of cases and controls, as well as data on type of high-voltage towers, phase, and load. Feizi & Arabi 32 calculated exposure to nonionizing radiation from low frequency magnetic fields based on power line distance and configuration, such as: voltage, mean electric power load, frequency, and phase. In situations where two towers were located close to the home, Feychting & Ahlbom 17 chose the closest, while the UKCCSI 29 calculated the towers' combined al-terations to estimate the resulting magnetic field.
Studies that evaluated magnetic field exposure based on the distance between residences and power lines also used different methodological approaches. Besides considering potentially risky exposure strata ranging from 23 31 to 500 meters 32 , the instruments also varied. Distance was calculated using maps 17, 31 , GPS (Global Positioning System) 30 , laser beam 30 , and tape measure 32 .
The studies' evaluation strategies depended on factors like data availability and characteristics of the local power system, making the comparison of results complex. Although measurement of exposure to non-ionizing radiation from low frequency magnetic fields remains limited and is still a challenge for epidemiology 35 , the evaluation procedures have made clear strides since research on this subject began.
The rarity of both the disease itself and prevalence of exposure at potentially risky levels hinders the elaboration of prospective studies, which are expensive and scarcely feasible in such a situation. According to Kheifets & Shimkhada 35 , in addition to the difficulties in evaluating exposure to low frequency magnetic fields, which can lead to classification errors for individual exposure, the risk associations obtained in these studies may be due to chance, selection bias, or even lack of knowledge concerning other potential risks for the disease. The role of these issues in distorting the results of casecontrol studies on exposure to non-ionizing radiation from low frequency magnetic fields and childhood leukemia remains immeasurable.
Selection bias occurs when the participation rate differs between cases and controls in an epidemiological study, and participation depends on the type of target exposure 37 . The studies reviewed here reported participation rates ranging from 33 to 79%. Studies that conducted indoor residential measurements showed a lower participation rate than those that adopted other approaches to evaluate exposure to magnetic fields. McBride et al. 28 reported that they only succeeded in measuring the magnetic fields for half of the initially selected control population.
When participation rates are available for cases and controls, the rate is obviously higher among cases as compared to controls. For example, Kleinerman et al. 31 obtained 90% participation for cases and 64% for controls. Ahlbom et al. 20 highlighted that selection bias may have contributed at least partially to the excess risk found in studies with pooled analysis.
Evaluation of exposure using the wire code system had the advantage of remaining relatively stable over the years, besides dispensing with the study subjects' participation, decreasing the odds of selection bias due to refusal to participate in the study, or to recall bias 36 . In studies where exposure to magnetic fields was measured based on the distance between homes and power lines or calculation of the magnetic field based on power line configuration, selection and recall biases are also reduced. Still, these forms of evaluation do not consider other sources of exposure, like electric appliances. Meanwhile, studies that used dosimeters to measure non-ionizing radiation from low frequency magnetic fields consider all the indoor residential sources of such radiation, but are subject to selection bias.
Prevalence of exposure to non-ionizing radiation from low frequency magnetic fields equal to or greater than 0.3µT is very low in the population, thus hindering reliable estimates of the effect of magnetic fields. Greenland et al. 19 called attention to the rarity of childhood exposure to low frequency magnetic fields greater than 0.3µT in the studies they analyzed.
Even in more recent studies with larger samples, few individuals among cases and controls were exposed to what were considered risky levels. In the UKCCSI study 29 , which included 1,331 cases of acute lymphoblastic leukemia and 3,390 controls, only two cases and 11 controls were exposed to levels greater than 0.2µT.
Small samples can lead to underestimation of risk, thus preventing the differentiation between major and slight (or even absent) risk 35 . To minimize the effects of small samples, pooled analyses of data from different studies have been performed. Greenland et al. 19 and Ahlbom et al. 20 , using this strategy, showed results with statistically significant excess risk of childhood leukemia from exposure to low frequency magnetic fields.
In addition to difficulties with measurement, another major challenge for such epidemiological studies has been the proper classification of individuals concerning exposure to non-ionizing radiation generated by low frequency magnetic fields. Errors in measurement or even estimates of magnetic fields were perceptible in all the studies, varying considerably between them. The procedures used for calibration and maintenance of dosimeters were rarely reported.
Another factor that can lead to classification bias for exposure is measurement of the magnetic field in a different home from that in which the child was exposed during the period prior to or at diagnosis. That is, when residential mobility is not controlled, classification bias is certain to occur. Using diverse procedures, the studies analyzed here sought to control for residential mobility of cases and controls. Some excluded individuals that changed addresses 25, 27, 30 , others evaluated exposure to magnetic fields in different residences than their current home, including residences visited by the mother during the pregnancy, or the home in which the child lived at the time of diagnosis 17, 18, 28 . Finally, some authors stipulated a reliable time for the subject to live in the home in order to be eligible for measurement of magnetic fields 30, 31, 32, 33 .
Confounding variables that are not completely controlled can also be considered as alternative explanations for the associations observed in case-control studies between exposure to non-ionizing radiation from low frequency magnetic fields and childhood leukemia 19 . However, limited knowledge on the causes of leukemia in children hinders the identification of potential confounding variables. In the studies reviewed here, different variables were adjusted in the statistical models: air pollution 17 , viral infections 28 , exposure to chemical substances 27, 28 , and birth characteristics 30 . Most studies adopted socioeconomic status as a confounding variable. In order to be considered confounders, these variables had to exert an effect on both the target exposure and the disease 37 . Kheifets & Shimkhada 35 found that although some of these variables have already been associated with leukemia, none of them could actually be considered a confounder.
In short, limitations like the small number of observations, precarious knowledge on risk factors for acute lymphoblastic leukemia, and especially methodological difficulties in assessing exposure to non-ionizing radiation from low frequency magnetic fields are seen in most of the studies analyzed here. Such factors may interfere in the results and may have contributed, to a greater or lesser degree, to the variability in the findings from the various studies. However, the methodological rigor in evaluating exposure has obviously improved, especially due to the strides obtained with the use of instruments for measuring magnetic fields and specific and portable geoprocessing.
The results of these epidemiological studies lead one to consider the possible existence of an association between exposure to non-ionizing radiation from low frequency magnetic fields and acute lymphoblastic leukemia in children, but the association is weak, thus preventing one from observing consistency in the results. Based on these findings, it would not be prudent to accept the hypothesis that the increasing incidence of acute lymphoblastic leukemia in different regions of the world can be explained by the growing use of electric energy and children's increasing exposure to non-ionizing radiation generated by low frequency magnetic fields. The case-control studies evaluated here were all conducted in countries in the Northern Hemisphere. Studies on this issue should be performed in other areas of the world in order to obtain a more comprehensive view of the possible effects of non-ionizing radiation generated by low frequency magnetic fields on acute lymphoblastic leukemia. The studies should focus on the analysis of acute lymphoblastic leukemia, since it is the subtype with the greatest share of the observed increase in childhood leukemia. Subsequently, these studies should be included in pooled analyses, allowing a larger number of observations coming from different regions of the world. 
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